ABSTRACT: Crosslinking of ultra-high molecular weight polyethylene (UHMWPE) has been successfully used to improve its wear performance. Wear is a surface phenomenon and limiting crosslinking to a layer only on the surface is desirable, as crosslinking of the bulk of the implant reduces its mechanical strength and toughness. We present a novel technique to surface crosslink consolidated UHMWPE/vitamin-E blends by diffusing an organic peroxide into the polymer at moderate temperatures, followed by heating to above the peroxide decomposition temperature to cause crosslinking on the surface. We characterized the surface crosslink density and wear rate of surface crosslinked UHMWPE/vitamin-E blends with two different types of peroxides. Both peroxides resulted in surface crosslinking with an increase in wear resistance comparable to the state-of-the-art highly crosslinked UHMWPE used for orthopedic implants. The addition of the antioxidant vitamin-E led to higher oxidation resistance. Highly cross-linked ultra-high molecular weight polyethylene (UHMWPE) with improved wear resistance has been in clinical use in total hip and total knee replacements with excellent outcomes for the last two decades.
Highly cross-linked ultra-high molecular weight polyethylene (UHMWPE) with improved wear resistance has been in clinical use in total hip and total knee replacements with excellent outcomes for the last two decades. 1, 2 Crosslinking produces a structural network resisting plastic deformation and minimizing surface orientation, a precursor to the formation and release of wear debris in UHMWPE. 3 High energy ionizing radiation, in the form of gamma or electron beam, is extensively used in the fabrication of highly crosslinked UHMWPE implants. 4 Chemical crosslinking of UHMWPE using silane 5, 6 has also been reported in nine patients (11 arthroplasties) with excellent in vivo wear resistance at a mean follow up of 17 years. 7 Chemical cross-linking using organic peroxides is widely used in industrial applications; but, has not been translated into the clinic in medical implants possibly due to the oxidizing effects of by-products of peroxide decomposition. 8 Recently, techniques have been developed to improve the oxidation resistance of cross-linked UHMWPEs by the incorporation of antioxidants, especially blending with the natural antioxidant vitamin E. 9, 10 The blending of vitamin E in peroxide cross-linked UHMWPE was shown to improve the oxidation resistance of peroxide cross-linked UHMWPE. 11 In addition, higher concentrations of vitamin E could be used when using peroxide crosslinking than when using radiation cross-linking because peroxide cross-linking was less sensitive to vitamin E as a free radical scavenger. These results showed that peroxide cross-linking of vitamin Eblended UHMWPE can enable the long-term oxidative stability and can render peroxide cross-linking a viable method for manufacturing of orthopaedic implants.
Cross-linking in UHMWPE is achieved via the formation and reaction of free radicals on the polymer chains. Organic peroxides thermally decompose above their defined peroxide decomposition temperature and yield free radicals, which then extract hydrogen atoms from the polymer, creating the free radicals necessary for cross-linking. Crosslinking using organic peroxides can be accomplished by blending the UHMWPE resin with the peroxide followed by compression molding at high temperature. This leads to simultaneous consolidation and crosslinking of this semi-crystalline material in the melt phase. 12 While improving wear resistance, 13 crosslinking in the melt can result in a decrease in crystallinity and a concomitant decrease in strength and toughness because crystallization is inhibited in the presence of cross-links during subsequent recrystallization. 14, 15 One method of improving the mechanical strength and toughness of implants while preserving wear resistance is limiting cross-linking to a sufficiently thick surface layer. Based on clinical femoral head penetration rates of approximately 0.042 mm/year, 13 a surface cross-linked layer that is at least 2 mm would provide high wear resistance for about 47 years of implant life. In fact, several methods of surface crosslinking using ionizing radiation have been shown to improve the fatigue strength and impact toughness of cross-linked UHMWPE stabilized by antioxidants. [16] [17] [18] Here, we propose a novel method of chemical crosslinking UHMWPE by diffusing an organic peroxide into consolidated, vitamin E-blended UHMWPE followed by heating for peroxide decomposition. We hypothesized that, we could achieve cross-linking limited to the surface of implants by using this method.
MATERIALS AND METHODS

Sample Preparation
UHMWPE Processing
We prepared UHMWPE/vitamin-E blends with different vitamin-E concentrations by starting with a 2 wt% vitamin-E master batch resin. Master batch resin preparation consisted of blending medical grade GUR 1050 resin powder without additives (virgin) with vitamin E dissolved in isopropyl alcohol. A subsequent heating of the blend in a vacuum oven ensured the removal of the solvent by evaporation. In subsequent experiments we used 100 g batches of UHMWPE/ Vitamin-E blends with 0.1, 0.2, 0.3, or 1 wt% vitamin-E which we obtained by mixing the 2 wt% vitamin-E master batch resin with virgin resin in proper ratios. Consolidation of the blends was through compression molding. Test samples were either cubes (1 Â 1 Â 1 cm) or oversized blocks (12 Â 12 Â 16 mm), machined from the consolidated blends.
Diffusion of Peroxides
We investigated two different types of organic peroxides, namely dicumyl peroxide (DCP) and 2,5-di(tert-butylperoxy)-2,5-dimethyl-3-hexyne (P130, Sigma Aldrich, St. Louis, MO). DCP is a solid (melting point of 38˚C) and P130 is a liquid (melting point of 6-8˚C) at room temperature. We doped the cubes by placing them in respective peroxides (pure) in 100 ml round bottom flasks in an oil bath under argon for 4 h. With DCP, we melted the peroxide at the desired doping temperature prior to the doping step. After diffusion, we decomposed the peroxides in the samples by heating to different temperatures in an empty flask under argon gas for 4 h.
The Effect of Diffusion Temperature
We determined the effect of doping temperature on crosslinking by doping cubes (n ¼ 3 each) with DCP at 60, 80, or 100˚C for 4 h followed by decomposition at 130˚C for 4 h. We dope other cubes (n ¼ 3 each) with P130 at 80, 100, or 120˚C for 4 h followed by decomposition at 180˚C.
The Effect of Decomposition Temperature
We determined the effect of decomposition temperature on cross-linking by doping cubes (n ¼ 3 each) with P130 at 80˚C for 4 h followed by decomposition at 150, 165, or 180˚C.
The Effect of Vitamin-E Content
We also studied the effect of vitamin E content in the blends on their crosslinking behavior by doping cubes with 0, 0.1, 0.2, 0.3, and 1 wt% vitamin E with DCP at 100˚C for 4 h followed by decomposition at 130˚C for 4 h. Similarly, we doped cubes with 0.1 and 1 wt% vitamin-E with P130 at 120˚C for 4 h followed by decomposition at 180˚C for 4 h.
Sample Preparation for Wear Testing
We doped oversized blocks with 0.1 wt% vitamin-E with the respective peroxides. Wear testing samples were cylindrical pins (9 mm diameter, 13 mm length) machined from the oversized blocks. Machining of the pins was such that one of the doped surfaces corresponded to the surface intended for wear testing.
Characterization
Weight Change
We measured the weight of the cubes before and after doping and after the decomposition step (Denver Instruments Company A250). Any weight change after doping was attributed to the uptake of the polymer by diffusion and any weight change after decomposition was associated with decomposition processes of the peroxide as well as cross-linking of the polymer.
Crosslink Density
Crosslink density measurements were performed by swelling a surface section (n ¼ 6; 1 mm deep from the surface and 3 Â 3 mm cross-section) or a sample (n ¼ 6; 3 Â 3 Â 3 mm,) cut from the body center (4-6 mm from the surface) of the doped and decomposed cubes. The swelling was in xylene at 130˚C. We converted the gravimetric swell ratio to volumetric swell ratio using the density of polyethylene as 0.94 g/cc and the density of xylene at 130˚C as 0.75 g/cc. We used a previously described method to calculate the cross-link density. 16 Wear Testing Pin-on-disc (POD) wear testing used loaded cylindrical pins (n ¼ 3) moving in a 5 Â 10 mm rectangular cross-shear pattern against implant finish Co-Cr disks 19 at 2 Hz in undiluted bovine serum for 1.2 million-cycles (MC). Undiluted bovine serum has been the standard testing environment in our laboratory enabling the comparison of very different formulations. We measured the weight change of the pins gravimetrically at $0.16 MC intervals and calculated the wear rate as the average weight change from 0.5 to 1.2 MC normalized to the number of wear cycles. The wear samples included pins manufactured from 0.1 wt% vitamin-E blends, that were either doped with DCP at 80 and 100˚C for 4 h followed by decomposition at 130˚C for 4 h, or with P130 at 100 and 120˚C for 4 h followed by decomposition at 180˚C for 4 h.
Oxidation Induction Time (OIT) Testing
Samples for OIT testing were cut from the surface of the samples ($ 1 mm deep Â 1 mm Â 1 mm). We placed small samples ($5-10 mg, n ¼ 3) into an uncovered aluminum pan in the furnace of a differential scanning calorimeter (DSC; Q1000, TA Instruments, Newark, DE). OIT assessment included heating the samples from 20 to 200˚C at a rate of 20˚C/min under a nitrogen flow of 50 ml/min, maintaining nitrogen flow for 5 min at 200˚C, switching the gas flow in the furnace from nitrogen to oxygen at a flow rate of 50 ml/min, and measuring the exotherm. The OIT was the intercept of the extended baseline and the steepest tangent drawn to the oxidation exotherm.
Statistical Analysis A Student's t-test was used wherever possible where the confidence limit was 95% (n > 3).
RESULTS
Increasing doping temperature of UHMWPE increased the percent weight gain due to DCP and P130 diffusion into the polymer (Fig. 1a and b) . The samples lost weight after decomposition (Fig. 1a and b) . UHMWPE samples doped with P130 at 80 or 100˚C and decomposed at 180˚C showed no residual weight gain after decomposition (Fig. 1b) . The crosslink density of the samples measured after decomposition increased with increasing amount of peroxide uptake during doping and this relationship was comparable for samples doped with either peroxide (Fig. 2) . For either peroxide, about 85% of the maximum cross-linking possible was achieved at 20 wt% of peroxide loading (Fig. 2) .
The surface crosslink density increased with increasing diffusion temperature for samples doped with either DCP or P130 after the subsequent decomposition ( Fig. 3a and b) . The bulk crosslink density also increased with the doping temperature but it was lower than the surface crosslink density (p ¼ 0.01, 0.09, and 0.08 for samples doped with DCP at 60, 80, and 100˚C, respectively, and p < 0.001, 0.18, 0.32 for samples doped with P130 at 80, 100, and 120˚C). The wear rate decreased with increasing doping temperature, and was significantly lower than that of the noncrosslinked control (p < 0.05) (Fig. 4a and b) . Wear was linear with increasing number of cycles and there was no change in the wear rate during testing up to 1.2 MC.
Increasing vitamin E concentration in the blends did not change the surface cross-link density but decreased the bulk cross-link density of the DCPdoped UHMWPE samples after the decomposition step (Fig. 5) . The OIT of these blends increased with increasing vitamin E concentration in the blend (Fig. 6 ).
DISCUSSION
Surface cross-linking of UHMWPE was achieved after diffusing an organic peroxide into UHMWPE with subsequent decomposition of the peroxide at a temperature above the decomposition temperature with both DCP and P130, supporting our hypothesis. In addition, blending the polymer with vitamin-E before the incorporation of peroxide substantially increased the oxidation resistance.
In industrial applications, the peroxides are often blended into the resin powder and the polymer is converted into solid forms or final product in the presence of the peroxide. 20 Peroxides are chosen with a decomposition temperature close to or above the melting temperature of the polymer to ensure that crosslinking occurs during consolidation. For our proposed method of diffusion, we needed to have peroxides with high enough decomposition temperature to enable diffusion of these into UHMWPE. We selected two peroxides, namely DCP and P130, with 1 h halflife temperatures of 137 and 152˚C, respectively. We used diffusion temperatures ranging from 60 to 120˚C, staying well below the decomposition temperatures of these peroxides. In the case of DCP, decomposition and cross-linking could be performed at 130˚C below the melting point (Fig. 1a) , presumably leading to cross-linking mainly in the amorphous phase. In the case of P130, decomposition and cross-linking were performed at 180˚C in the melt state of the polymer (Fig. 1b) , allowing us to investigate the effect of crosslinking in both the amorphous and the previously crystalline regions.
We achieved surface cross-linking of UHMWPE with either DCP or P130; the diffusion of P130 was slower in comparison to DCP and required higher doping temperatures to reach similar amounts of peroxide uptake (Fig. 1a and b) and cross-link density after decomposition (Fig. 3a and b) . In each case, the amount of peroxide diffused into the UHMWPE determined the achieved cross-link density ( Fig. 2) with 85% of maximum cross-link density possible reached around 20 wt% peroxide concentration.
The presence of peroxide decomposition products can be inferred from the residual weight gain after decomposition (Fig. 1a and b) . Common decomposition Figure 2 . The cross-link density versus % weight increase after diffusion of peroxides. The 0.1 wt% vitamin E-blended UHMWPEs were doped with DCP at 60, 80, and 100˚C for 4 h followed by decomposition at 130˚C for 4 h. The P130 samples were doped at 80, 100, and 120˚C for 4 h followed by decomposition at 180˚C for 4 h. products for DCP are methane, acetophenone, and cumyl alcohol and for P130 are methane, carbon dioxide, carbon monoxide, acetone, and t-butyl alcohol. 21 While weight gain after doping is directly attributable to peroxide loading, approximately 70-80% of the weight gain after doping was lost after decomposition, pointing to the volatile nature of the peroxide decomposition products. More residuals remained in DCP-doped UHMWPE than that of P130-doped UHMWPE (Fig. 1) , presumably due to lower volatility of the by-products of decomposition at the lower decomposition temperature. While the biocompatibility of the peroxides used and their decomposition byproducts are not well established, it was encouraging that by-products could be volatilized to a large extent after decomposition for the ultimate use of peroxide-crosslinked UHMWPEs as implantable materials under certain processing conditions.
The cross-link density achieved on the surface of peroxide diffused UHMWPE after decomposition resulted in a wear rate of approximately 1.5 mg/MC after doping at 100˚C for DCP and 120˚C for P130 ( Fig. 4a and b) . This wear rate is comparable to those of clinically available cross-linked UHMWPEs for total joint arthroplasty (tested under the same conditions), for example 1.6 mg /MC for 100-kGy irradiated and melted UHMWPE and 4.8 mg/MC for 50 kGy irradiated and melted UHMWPE. 2, 22, 23 The shaded areas on the figures demonstrate 1-2 mg/MC, which is considered desirable for the higher range of wear resistance and is considered most appropriate for use in total hip arthroplasty.
Based on our work, improving the toughness of radiation cross-linked UHMWPE by limiting crosslinking only to the surface of implant-shapes materials, [16] [17] [18] we expect that spatially limiting the cross-linking to the surface of peroxide cross-linked UHMWPEs also presents an opportunity to improve the toughness of these components without decreasing wear resistance and avoiding the detrimental effects of cross-linking on toughness for the uncross-linked regions. The bulk cross-link density of peroxidediffused and decomposed UHMWPEs were lower than that of the surface cross-link density in all cases ( Fig. 3a and b) ; however, as the doping temperature was increased, the difference between these values Figure 4 . (a) Wear rate of DCP-doped (a) and P130-doped (b) 0.1 wt% vitamin E-blended UHMWPEs. For DCP, doping was performed at the 80 and 100˚C for 4 h and decomposition was performed at 130˚C for 4 h. For P130, doping was performed at the 100 and 120˚C for 4 h and decomposition was performed at 180˚C for 4 h. Control (uncrosslinked) material is also shown for comparison. The range of wear rates for 100-kGy highly cross-linked UHMWPEs using irradiation is also shown (gray box). decreased. This is presumably due to increased penetration depth of peroxide with increased temperature during doping. In further analysis, the mechanical testing of surface cross-linked UHMWPE using diffusion of emulsified peroxides similar to what was shown here corroborated improved toughness compared to uniformly cross-linked UHMWPEs. 11, 24 Vitamin E is an additive used to increase the oxidation resistance of radiation cross-linked UHMWPE for total joint implants. 9 Vitamin-E is not only an antioxidant but also a free radical scavenger and decreases radiation cross-linking efficiency in UHMWPE. 25 This was corroborated in the DCPcrosslinked samples of the present study; increasing vitamin E concentration in the UHMWPE/Vitamin E blends that were doped and crosslinked with DCP resulted in a decrease in bulk crosslink density (Fig. 5) . On the other hand, surface cross-link density of these samples remained relatively unchanged with increasing vitamin-E concentration (Fig. 5) , likely due to the extraction of some of the vitamin E from the surface during peroxide diffusion. Nevertheless, oxidative stability of these vitamin E blended, peroxide cross-linked UHMWPEs À as measured by OIT À were superior to cross-linked UHMWPE without vitamin E, and increased with vitamin E concentration (Fig. 6) .
One limitation of the proposed method of crosslinking in UHMWPE is the scalability. Because the treated surfaces have to be close to or in the final implant articular surface shape, stock material is not amenable to this process. Likely, implants would need to be machined first into near net shape or direct compression molded, then surface cross-linked before final sterilization. In addition, further analysis of the spatial distribution of cross-linking is needed to ensure the stability of the long-term wear behavior of these surface cross-linked UHMWPEs. Depth-dependent analysis of the transvinylene index (TVI), which has been correlated with cross-linking in radiation crosslinked UHMWPE 26 or direct depth dependent measurement of cross-link density in consecutive thin sections 27 or depth-dependent measurement of wear rate 17 are alternative methods that could be used for such analysis.
In conclusion, this is the first report of chemical surface cross-linking of antioxidant-stabilized UHMWPE through diffusion of organic peroxides. This method allowed the control of surface cross-link density resulting in crosslinking levels satisfying the stringent wear resistance requirements of total joint arthroplasty implants to prevent wear-induced osteolysis. 13 While peroxide crosslinking of UHMWPE adversely affects its oxidation resistance, the presence of the antioxidant addressed this problem. An additional benefit of this method would be the limitation of the cross-linking to the surface regions of a UHMWPE implant, which has been shown to lead to the improvement of the fatigue strength and toughness of radiation cross-linked material. 17, 24, 28 The improvement in toughness by surface cross-linking using peroxide diffusion was further corroborated in tibial preform-sized UHMWPE components in a separate study. 24 Similarly, the two formulations, which showed POD wear rates comparable to clinically available highly cross-linked UHMWPEs (DCP doping at 100˚C for 4 h followed by decomposition at 130˚C for 4h and P130 doping at 120˚C for 4h followed by decomposition at 180˚C for 4 h) can be used with implant-shaped preforms and be subjected to device testing such as hip joint simulation.
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